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A Mitochondrial Protein, Bit1, Mediates
Apoptosis Regulated by Integrins and
Groucho/TLE Corepressors
vival and inactivating the ones that promote apoptosis.
A number of these pathways have been partially charac-
terized and seem to be of varying importance in different
types of cells. A pathway that begins with the activation
of focal adhesion kinase (FAK) by ECM bound integrins
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Bcl-2 is one of the antiapoptotic proteins that can
Summary protect cells against anoikis (Frisch et al., 1996a). Our
laboratory has been interested in the upregulation of
A delicate balance of signals regulates cell survival. Bcl-2 transcription upon cell attachment. The 51 and
One set of these signals is derived from integrin-medi- v3 integrins are particularly efficient in upregulating
ated cell adhesion to the extracellular matrix (ECM). Bcl-2 expression in CHO cells, whereas another fibro-
Loss of cell attachment to the ECM causes apoptosis, nectin receptor, v1, is ineffective in this regard (Zhang
a process known as anoikis. In searching for proteins et al., 1995; O’Brien et al., 1996; Matter and Ruoslahti,
involved in cell adhesion-dependent regulation of an- 2001). Akt activation is important for this Bcl-2-depen-
oikis, we identified Bit1, a mitochondrial protein that dent survival pathway; in this case, Akt is activated
is released into the cytoplasm during apoptosis. Cyto- through a FAK/Shc-Ras-PI3-K pathway (Matter and
plasmic Bit1 forms a complex with AES, a small Ruoslahti, 2001).
Groucho/transducin-like enhancer of split (TLE) pro- To explore the possibility that previously unrecog-
tein, and induces cell death with characteristics of nized regulatory molecules might participate in the in-
caspase-independent apoptosis. Cell attachment to tegrin regulation of Bcl-2 expression and cell survival,
fibronectin counteracts the apoptotic effect of Bit1 we used cDNA library screening. We truncated the cyto-
and AES. Increasing Bit1 expression enhances anoikis, plasmic domain of the Bcl-2-regulating integrin (51)
while suppressing the expression reduces it. Thus, we and screened for cDNAs capable of enhancing expres-
have elucidated an integrin-controlled pathway that sion of the Bcl-2 gene despite the disabled integrin. We
is, at least in part, responsible for the cell survival describe the identification of a mitochondrial protein,
effects of cell-ECM interactions. Bit1, which promotes apoptosis by regulating the func-
tions of two Groucho family transcriptional regulators:
Introduction AES and TLE1. The Groucho proteins and their mamma-
lian homologs, AES and TLE proteins, are broadly ex-
Apoptosis, a form of programmed cell death, plays an pressed transcriptional corepressors and play important
essential role in embryogenesis and tissue homeostasis roles in neurogenesis, segmentation, and sex determi-
(Jacobson et al., 1997). Integrin-mediated cell attach- nation (Paroush et al., 1994; Chen and Courey, 2000).
ment is one of the main regulators of apoptosis. Many These proteins do not directly bind to DNA but are re-
types of normal cells are anchorage dependent; loss of cruited to specific gene regulatory regions through inter-
cell attachment to the extracellular matrix (ECM) causes actions with various DNA binding proteins. We show
apoptosis in such cells. This subtype of apoptosis is that Bit1 interacts with the small Groucho protein AES,
known as anoikis (Frisch and Ruoslahti, 1997; Frisch and which is thought to function as a dominant negative for
Screaton, 2001). Integrins suppress anoikis in attached the larger members of the family, especially TLE1 (Ren
cells by activating signaling pathways that promote sur- et al., 1999; Roose et al., 1998). The Bit1-AES complex
is proapoptotic, whereas TLE1 is antiapoptotic. Integrin-
*Correspondence: ruoslahti@burnham.org mediated cell attachment reduced Bit1-AES complex
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ptosis. The activation of this apoptotic pathway in theway, New Jersey 08854.
absence of proper cell-substrate attachment appears5 Present address: Corvas International Inc., 3030 Science Park
Road, San Diego, California 92121. to play a role in anoikis.
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Figure 1. Bit1 Induces Apoptosis
(A) HEK 293T cells round up and detach when transfected with Bit1 (cyto) containing an N-terminal myc-tag. Vector (pCMV-myc) control cells
do not. The cells were photographed 48 hr after the transfection.
(B) Agarose gel electrophoresis reveals a DNA ladder typical of apoptosis in the Bit1-transfected cells. The cells were harvested 48 hr
after transfection.
(C) Bit1 transfection increases the number of annexin V-positive cells 48 hr after transfection. Shown is flow cytometric analysis of vector-
transfected (left panel) and Bit1-transfected (right panel) cells. The percentages of annexin V-positive cells (lower right quadrants) are 1.4%
in the control and 4.7% in the Bit1-transfected cells. Late-stage apoptosis, revealed by both annexin V and propidium iodide uptake (upper
right quadrants), was also greater in the Bit1-transfected cells (7% versus 18%).
Results which is not present in the archaeal homologs; and resi-
dues 63–179 comprise a UPF0099 domain (52% identity
and a highly significant, low e-value of 339). The CGI-Identification of a Proapoptotic Protein, Bit1
We designed an expression cloning strategy for identi- 147 homolog in the archaeon Methanocaldococcus jan-
naschii is a peptidyl-tRNA hydrolase (Rosas-Sandovalfying genes that would potentially be involved in integ-
rin-mediated upregulation of Bcl-2 expression. We dis- et al., 2002). There are no other related proteins in the
human or mouse genome, indicating that Bit1 is not aabled the integrin-Bcl-2 pathway by truncating the 5
integrin cytoplasmic domain in CHO cells (Matter and member of a protein family.
Although the pcDNA1-3 (clone 3 in pcDNA1) enhancedRuoslahti, 2001) and then cotransfected the resulting
B2/5c1cells with a cDNA library together with a re- the expression of the Bcl-2 promoter construct in the
screening, expression of Bit1 from a different vectorporter vector containing green fluorescent protein (GFP)
cDNA under the control of the Bcl-2 promoter. Selecting reduced Bcl-2 promoter activity (see below) and protein
expression (data not shown) in the same cells. Thefluorescent cells from these transfections yielded five
cDNA clones that upregulated GFP expression. One pcDNA1-3 protein might have been initiated from a
downstream methionine and acted as a dominant nega-clone, Clone-3, contained an open reading frame (ORF)
of 537 nucleotides that represented the ORF in a gene tive. Alternatively, the proapoptotic activity of Bit1 (see
below) may have selected a preexisting population ofthat was originally identified in an EST database study.
This gene, numbered as CGI-147 (accession number Bcl-2-expressing cells that were capable of surviving
the transfection. Since the exact nature and activity ofAF151905), encodes a predicted 179 residue (including
the initiator methionine), 27 kDa protein that is evolution- pcDNA1-3 is not relevant to the characterization of Bit1,
we did not study it further. We have named the proteinarily conserved from bacteria to human (Lai et al., 2000).
The protein contains two putative domains: an N-ter- Bit1 (Bcl-2 inhibitor of transcription) to denote its ability
to regulate Bcl-2 expression.minal domain is a mitochondrial localization sequence,
Cell Attachment-Regulated Apoptosis Pathway
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Northern blot analysis of human tissues revealed a that are independent of the other Groucho/TLE proteins
(Chen and Courey, 2000; Fisher and Caudy, 1998).single Bit1 transcript of about 1 kb. The transcript was
prominent in the testis, prostate, skeletal muscle, and To test whether AES interacts with Bit1 in mammalian
cells, HeLa cells were transfected with N-terminally myc-liver and was clearly detectable in the heart, spleen,
placenta, and colon. No significant Bit1 mRNA signal tagged (cytoplasmic) Bit1 and flag-tagged AES (or myc-
tagged AES and flag-tagged Bit1). Immunoprecipitationwas seen in the thymus or in peripheral leukocytes.
Human embryonic kidney (HEK) 293T cells contained with anti-flag and blotting of the precipitate with anti-
myc antibodies revealed Bit1/AES complexes in theonly traces of Bit1 mRNA (data not shown).
Transfection of N-terminally myc-tagged Bit1 into the transfected cells (Figure 3A). Endogenous Bit1 and AES
did not detectably coprecipitate from attached HeLaHEK 293T cells caused a profound change in cell mor-
phology; the cells rounded up within a few hours of the cell extracts, but endogenous Bit1/AES complexes were
detected when the release of Bit1 from mitochondriatransfection and were essentially all detached at 48 hr
(Figure 1A). DNA fragmentation (Figure 1B) and an was initiated by culturing the cells in suspension (Figure
3B). Transfection results were in agreement with a re-annexin V staining (Figure 1C) indicated cell death
through apoptosis. quirement of cytosolic Bit1 for the AES interaction;
C-terminally myc-tagged Bit1, which is sequestered in
mitochondria, did not form complexes with AES in intact
Bit1 Is a Mitochondrial Protein Whose cells but did so in suspended cells (Figure 3C).
Cytoplasmic Expression Induces Cell Death
Bit1 has been suggested to be a mitochondrial protein
because it has a hydrophobic N-terminal sequence that Bit1 and AES Cooperate to Induce Apoptosis
AES transfection induced apoptosis in CHO cells butis missing in the bacterial homologs (Rosas-Sandoval
et al., 2002). We found that endogenous Bit1 detected had no effect on the viability of the 293T cells, even
though these cells responded to Bit1 transfection (Fig-with antibodies in HeLa cells colocalized with a mito-
chondrial marker, pDsRed2-Mito (Figures 2A–2C). The ure 3D). Because the HEK 293T cells lack detectable
Bit1 activity, it seemed possible that AES required en-anti-Bit1 antibody immunoblotted a doublet band at 20
kDa in mitochondrial extracts of HeLa cells (Figure 2A, dogenous Bit1 for the proapoptotic activity. An NIH data
bank identifies HOP92 as a cell line that expresses onlyinset). It did not detectably stain the mitochondria of
HEK 293T cells (data not shown). Bit1 tagged with GFP negligible amounts of AES. Significantly, these cells
were resistant to Bit1-induced apoptosis. CHO cellsat the C terminus also colocalized with the mitochondrial
marker (Figures 2D–2F). Higher-magnification images (Figure 3D) and HeLa cells (data not shown), which ex-
press both Bit1 and AES, underwent apoptosis uponshowed that Bit1 is localized around the periphery of
mitochondria and presumably resides in the intermem- transfection with either protein. These results indicate
that the transfected Bit1 and AES biologically interactbrane space, whereas the mitochondrial marker, which
is a dye, was found both in the periphery and the interior with the endogenous proteins.
of the mitochondria (see Supplemental Figure S1 at
http://www.cell.com/cgi/content/full/116/5/751/DC1).
Cell Attachment RegulatesTransfection of cells with Bit1 in which the mitochon-
Bit1-Induced Apoptosisdrial localization sequence was disrupted by N-terminal
As the screening that yielded Bit1 was designed to re-insertion of GFP led to cytosolic expression of Bit1 (Fig-
veal integrin-dependent regulators of Bcl-2 expression,ure 2G). The cytosolic Bit1 induced cell death, while
we next tested the effect of cell attachment on Bit1-the mitochondrial Bit1 did not have this effect, unless
induced apoptosis. Plating cells onto dishes coated withexpressed at high levels, indicating that Bit1 needs to
fibronectin partially protected HEK 293T cells againstbe released into the cytoplasm to cause cell dealth. Bit1
apoptosis induced by transfection with cytoplasmicwas released from mitochondria in HeLa and HEK 293T
Bit1, whereas plating on type I collagen lacked this pro-cells that were cultured in suspension or treated with
tective effect (Figures 4A and 4B). The attachment ofstaurosporin, both potentially apoptosis-inducing treat-
these cells to collagen was as efficient as to fibronectinments (Figures 2H and 2I).
(Supplemental Figure S2A at http://www.cell.com/cgi/
content/full/116/5/751/DC1). Inhibition of HEK 293T cell
adhesion revealed that these cells primarily use integrinBit1 Interacts with the Groucho-Related
Protein AES 21, and they use 11 only to a minor extent for
attachment to collagen (Supplemental Figure S4). Quan-To explore the mechanism whereby Bit1 induces apo-
ptosis, we searched for binding partners of the Bit1 tification of integrin expression by FACS analysis
showed that HEK 293T cells express the collagen bind-protein by using yeast two-hybrid screening. About 100
positive clones were obtained by screening a human ing integrins 21 and the main fibronectin receptor
51 at comparable levels (approximately 6000 21fetal brain cDNA library with full-length Bit1 as the bait.
One-third of these clones encoded the human AES pro- molecules and 5000 51 molecules per cell, respec-
tively; Supplemental Figure S3A). A function-blockingtein. AES is the shortest member of the Groucho/TLE
family of proteins. It contains the N-terminal oligomeriza- anti-integrin 51 antibody eliminated the protective ef-
fect of fibronectin attachment against Bit1-induced apo-tion domain of these proteins but lacks the WD-40 pro-
tein-protein interaction domain present in the longer ptosis (Figure 4C) while not detectably influencing the
attachment of these cells to fibronectin. The antibodyproteins. AES may serve as a negative regulator of TLE
functions, but it also may have gene regulatory activities had no effect on apoptosis of collagen-plated cells,
Cell
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Figure 2. Bit1 Is Localized in Mitochondria
(A–C) Immunostaining of endogenous Bit1. HeLa cells were transfected with the mitochondrial marker plasmid pDsRed2-Mito and stained
with anti-Bit1 antibody 24 hr later. Photographs were taken under a confocal microscope to visualize Bit1 (green; [A]) or mitochondria (red;
[B]). A merge of the two colors is shown in (C). The inset in (A) shows immunoblotting of HeLa mitochondrial extract with the anti-Bit1 antibody
used in the immunofluorescence experiment.
(D–F) C-terminally GFP-tagged Bit1 is localized in mitochondria. HeLa cells were cotransfected with Bit1-GFP (mito) and pDsRed2-Mito
plasmids and photographed 24 hr later to visualize the proteins as indicated.
(G) N-terminally tagged Bit1 is expressed in the cytoplasm. HeLa cells were transfected with GFP-Bit1 (cyto) and photographed 24 hr later.
(H) Bit1-flag (mito) transfected into HeLa cells localizes in mitochondria but is released into the cytoplasm in cells induced to undergo apoptosis
with 0.5 M staurosporin (STS).
(I) Cytoplasmic Bit1 in suspended cells. HEK 293T cells were transfected with C-terminally myc-tagged Bit1, and 24 hr later, the cells were
left attached or plated on poly-HEMA-coated plates to maintain a cell suspension. After 12 hr, cell lysates were prepared, separated into
cytosolic and mitochondrial (heavy membrane) fractions, run on SDS gels, and immunoblotted with an anti-myc antibody.
where 21 and 11 integrins are involved in cell at- We next explored the role of Bit1 in the tendency
of detached cells to undergo apoptosis (anoikis in thetachment.
We also employed CHO cell lines that express either strictest sense). We restored the expression of mito-
chondrial Bit1 in the 293T cells by transiently transfect-the 51 or v1 as their main fibronectin receptor to
study the role of individual integrins in protecting cells ing them with a Bit1 construct that expresses a Bit1
protein exclusively localized in mitochondria, and weagainst Bit1 transfection. These cell lines attach equally
well to fibronectin, but, unlike 51, the v1 fails to tested their susceptibility to complete detachment from
the substrate. The Bit1 and control transfected cells hadprotect the cells against apoptosis induced by serum
deprivation (Zhang et al., 1995; Matter and Ruoslahti, the same level of spontaneous apoptosis when grown
attached to a culture dish. In striking contrast, detach-2001). The 51 cells were more effectively protected
from Bit1-induced apoptosis than the v1 cells (Figure ment induced a higher level of cell death in the Bit1-
transfected cells than in the control cells (Figure 4E).4D). These results indicate that the51 integrin initiates
signals capable of blocking Bit1-induced apoptosis. Given that the transfection efficiency is about 50%–70%
in the 293T cells in our hands (Zou et al., 1999; data notSimilar to what was seen with Bit1, the 51 cells were
also protected against AES-induced apoptosis (data shown), the nearly 4-fold higher apoptosis level of the
Bit1-transfected cells translates into more than 5-foldnot shown).
Cell Attachment-Regulated Apoptosis Pathway
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Figure 3. Interaction of Bit1 with AES
(A) Coimmunoprecipitation of Bit1 and AES. Tagged Bit1 and AES were transfected into cells, and cell extracts were immunoprecipitated with
anti-flag and immunoblotted with anti-myc. Equal loading of the samples was confirmed by immunoblotting of the whole extract with anti-
flag. Myc-Arg is a cytoplasmic kinase used here as an unrelated control.
(B) Interaction of endogenous Bit1 and AES. HeLa cells were cultured in suspension for 24 hr to initiate apoptosis and cause the release of
Bit1 from mitochondria. The cell extracts were immunoprecipitated with agarose-immobilized anti-Bit1 antibody and immunoblotted with
anti-AES.
(C) Cytoplasmic Bit1 interacts with AES in cells. HeLa cells were transfected with C-terminally myc-tagged Bit1 together with flag-tagged
AES and 24 hr later grown for another 24 hr either attached or in suspension. Cell extracts were prepared and immunoprecipitated with anti-
flag. The precipitates were immunoblotted with anti-myc. The whole-cell extracts were immunoblotted with anti-myc or anti-flag as loading
controls. Bit1 is released from mitochondria in suspended cells and interacts with AES.
(D) Bit1 and AES are both required for apoptosis induction. HEK 293T, HOP92, and CHO cells were transfected with a GFP (vector), GFP-
Bit1, or GFP-AES fusion protein construct as indicated. The cells were examined 48 hr (HEK 293T and CHO) or 72 hr (HOP92) after the
transfection. The percentage of GFP-positive detached cells was measured.
difference in anoikis sensitivity. We also tested whether of cytochrome c, which binds to Apaf-1 and forms apo-
ptosomes to activate caspase-9 (Wang, 2001). Otherknockdown endogenous Bit1 would protect cells from
anoikis. Using siRNA, we were able to selectively reduce mitochondrial proteins, such as apoptosis-inducing fac-
Bit1 expression to undetectable levels in MCF10A cells, tor (AIF), AIF-homologous mitochondrion-associated
which are sensitive to anoikis (Li et al., 1999; Figure inducer of death (AMID), and endonuclease G, use cas-
4F). The proportion of cells that survived after 6 hr in pase-independent pathways to induce cell death (Dau-
suspension culture was almost 3-fold greater for Bit1- gas et al., 2000; Li et al., 2001; van Loo et al., 2001;
siRNA-treated MCF10A cells than for cells treated with Wu et al., 2002). To determine whether Bit1-induced
control siRNA (Figure 4G), indicating that endogeneous apoptosis is caspase dependent, we tested cell lysates
Bit1 sensitizes cells to anoikis. These results and the from Bit1-transfected 293T cells for poly (ADP-ribose)
results documenting the ability of the 51 integrin to polymerase (PARP) cleavage. We found no increase of
protect cells against the proapoptotic activity of Bit1 and 85 kDa PARP apoptotic fragment in the lysates, indicat-
AES provide strong evidence that the Bit1/AES pathway ing a lack of caspase activation (Supplemental Figure
plays a role in integrin-dependent cell survival. S5A at http://www.cell.com/cgi/content/full/116/5/751/
DC1). We also found no caspase-3 or -9 activation in
the lysates (Supplemental Figure S5B). We next cotrans-Bit1/AES-Induced Apoptosis Is Independent
of Caspase Activity fected 293T cells with Bit1 or AES and the caspase
inhibitor proteins crmA and XIAP. CrmA and XIAP hadCaspases are the main executioners of the apoptotic
pathway. Disruption of mitochondria causes the release no effect on apoptosis induced by either Bit1 or AES
Cell
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Figure 4. Inhibition of Bit1-Induced Apoptosis by Integrin-Mediated Cell Attachment but Not by Various Oncoproteins
(A and B) Cell attachment to fibronectin suppresses Bit1-induced apoptosis in HEK 293T cells. Cells were plated onto bacterial culture plates
coated with fibronectin (FN) or type I collagen (Col) and were allowed to attach in the absence of serum. The number of cells attached and
the degree of cell spreading were equal on these surfaces. The cells were then transfected with 10 g of empty vector or N-terminally tagged
Bit1. (A) The cultures were viewed under the phase contrast microscope or analyzed for apoptotic cells by TUNEL staining (right panels).
Representative panels are shown; there are more TUNEL staining cells in the Bit1-transfected cultures on collagen than on fibronectin (n 
6; p  0.04). (B) Cell death was quantified by trypan blue staining in the cells transfected on fibronectin and collagen.
(C) 51 integrin activity is necessary for the protective effect of fibronectin attachment. HEK 293T cells were transfected as in (A), replated
12 hr later onto microtiter wells coated with fibronectin, and treated with control IgG or a function-blocking monoclonal anti-human 5 antibody,
both at 10 g/ml. Cell survival was measured 48 hr after the transfection.
(D) The expression of 51 but not v1 suppresses Bit1-induced apoptosis. CHO-B2/51 and CHO-B2/v1 cells were plated on fibronectin-
coated plates. The cells were then transfected as in (A), and cell survival was measured 24 hr later.
(E) Bit1 transfection promotes anoikis. HEK 293T cells were transfected with C-terminally myc-tagged Bit1 (mito) or with empty vector, and
the cells were cultured either on tissue-culture plates (attached) or on poly-HEMA (detached) for 48 hr. The number of attached cells (106)
was the same whether the cells were transfected with Bit1 or vector (assigned as 100%). In detached cultures, Bit1 significantly reduced the
number of surviving cells (32% reduction versus 8% in the vector transfection). Mean  SEM from three independent experiments is shown.
p  0.001.
(F) siRNA-mediated reduction of Bit1. MCF10A cells were transfected with Bit1-siRNA or control plasmids, and extracts of the cells were
immunoblotted with anti-Bit1 antibodies. The siRNA eliminated the Bit1 protein band, whereas the levels of actin and Bax were unaffected.
(G) Knockdown of endogenous Bit1 protects against anoikis. siRNA-transfected MCF10A cells were maintained on poly-HEMA-coated plates
for 6 hr, and live cells were counted using trypan blue exclusion.
(Figure 5A). A chemical pan-caspase inhibitor, z-VAD- levels of Bit1/AES complexes to form. In contrast, mito-
chondrial integrity is not relevant for the N-terminallyfmk, was also ineffective against Bit1 and AES (data
not shown). These inhibitors were effective in inhibiting tagged Bit1, which never enters the mitochondria. Con-
stitutively activated PI3-K (p110) and AKT also sup-apoptosis induced by Bax or Fas transfection under the
same conditions (Supplemental Figure S6). pressed AES-induced cell death but were ineffective in
Bit1, suggesting a mitochondrial target for their activity.
Role of Mitochondrial Membrane Stability
Bcl-2 and Bcl-xL are antiapoptotic proteins that guard TLE1 and Cell Attachment Inhibit Bit1/
AES-Induced Apoptosis and Interferemitochondrial membrane integrity. These proteins had
no effect on cytosolic Bit1-induced apoptosis but were with Bit1-AES Association
AES is thought to act as a negative regulator of the largepartially effective against AES (Figure 5A). Cells express-
ing high levels of Bcl-2 or Bcl-xL may release too little TLE proteins (Chen and Courey, 2000; Fisher and Caudy,
1998). This effect may result from the formation of AES-endogenous Bit1 from their mitochondria for apoptotic
Cell Attachment-Regulated Apoptosis Pathway
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Figure 5. Effects of Various Apoptosis Inhibitors and TLE Proteins on the Bit1-AES Pathway
(A) Effects of various antiapoptotic proteins on Bit1/AES-induced apoptosis. HEK 293T cells were transfected with Bit1 or AES, along with
expression vectors for the indicated proteins, and assayed for cell death.
(B) TLE1 suppresses apoptosis induced by AES in CHO cells. The cells were transfected with GFP-AES or GFP-TLE1 alone or both. Rounded-
up cells expressing GFP were scored as dead cells 48 hr later.
(C) Reduced Bit1-AES association in HEK 293T cells transfected with TLE1. HEK 293T cells were transfected with the indicated plasmids.
Cell lysates were harvested 24 hr after transfection and subjected to immunoprecipitation with anti-flag and immunoblotting with anti-myc.
(D) Cells attached to fibronectin contain less Bit1-AES complex than cells attached to collagen. HeLa cells were plated on fibronectin or
collagen before transfection with pCMV-Myc-Bit1 (3g) and pCMV-flag-AES (3g) plasmids. Cell lysates were harvested 24 hr after transfection
and immunoprecipitated with anti-flag and immunoblotted with anti-myc. Total amount of DNA used was adjusted to 10 g with empty vector
in each transfection. The expression of the transfected AES in each sample was confirmed by immunoblotting 20 l of the whole extract with
anti-flag (lower boxes in [C] and [D]).
TLE heterooligomers that compete with the formation Quantification of the gel bands in Figure 5D showed
that the reduction was approximately 75%. Controlsof TLE homooligomers. Ectopic expression of the large
TLE protein TLE1 blocked apoptosis induced by GFP- indicated that HeLa cells express higher levels of colla-
gen receptors than of51 fibronectin receptor (Supple-AES in CHO cells (Figure 5B). Overexpression of TLE1
alone did not affect cell viability. TLE1 also protected mental Figure S3B at http://www.cell.com/cgi/content/
full/116/5/751/DC1). In agreement with the higher recep-cells against Bit1-induced apoptosis, but TLE2, another
large TLE protein, only marginally counteracted the AES tor content, HeLa cells attached better to collagen than
fibronectin at low coating concentrations, but the at-and Bit1 apoptotic effects (data not shown).
Bit1-AES complex formation was inhibited in cells tachment was roughly equal at the coating concentra-
tion used in the transfection experiments (Supplementalcoexpressing TLE1 (Figure 5C). In agreement with the
ability of fibronectin attachment to prevent apoptosis Figure S2B). Antibody inhibition experiments indicated
that integrin 11 is functionally more important in colla-induced by Bit1 or AES, immunoprecipitation experi-
ments also revealed less Bit1-AES complex in HeLa gen attachment of these cells than 21 (Supplemental
Figure S4). These results show that a low level of thecells plated on fibronectin than on collagen (Figure 5D).
Cell
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Figure 6. Effect of Bit1, AES, and TLE1 on Bcl-2 Promoter Activity
CHO cells were transfected with 1 g Bcl-2-luciferase reporter construct together with the indicated amounts (g) of (A) Bit1, (B) AES, or (C)
TLE1 expression vectors, and Bcl-2 transcription was measured by quantifying luciferase fluorescence after 24 hr in culture.
Bit1/AES complexes correlates with cell survival and the putative mitochondrial localization signal disrupts
the function of the signal sequence. In contrast, ex-a high level of these complexes is associated with
tending the protein at the C terminus is compatible withapoptosis.
mitochondrial localization.Promoter assays showed that Bit1 and AES downreg-
Bit1 acts as a proapoptotic protein when releasedulate Bcl-2 promoter activity, whereas TLE1 enhances
from mitochondria. We found a significant differenceit. Transfection of CHO with increasing amounts of Bit1
in the apoptosis-inducing activity of transfected Bit1,or AES expression vectors reduced the activity of the
depending on whether the protein was mitochondrialBcl-2 promoter in these cells in a dose-dependent man-
(C-terminally tagged Bit1) or cytoplasmic (N-terminallyner. The maximal reduction was 4-fold. In contrast, the
tagged Bit1). Expressing C-terminally tagged Bit1 atactivity of the promoter was increased 4- to 5-fold in
high concentrations, which may overwhelm the mito-cells transfected with TLE1 (Figures 6A–6C). These re-
chondrial localization machinery, was required for mea-sults are in agreement with the ability of Bit1/AES to
surable apoptotic activity. We also found that culturinginduce apoptosis and for TLE1 to inhibit it.
cells in suspension caused release of Bit1 from the mito-
chondria to the cytoplasm and that the same is true of
Discussion cells treated with the proapoptotic chemical stauro-
sporin. That Bit1 would have to enter the cytoplasm to
We describe a proapoptotic protein, Bit1. The apopto- be proapoptotic also agrees with our findings that the
genic activity of Bit1 is dependent on a complex of Bit1 proapoptotic activity of Bit1 correlates with the appear-
and the shortest Groucho/TLE protein, AES. The Bit1/ ance of Bit1 in complexes with AES, which is a cyto-
AES proapoptotic pathway is selectively suppressed by plasmic/nuclear protein. The apoptosis induced by Bit1/
integrin-mediated cell attachment, and enhancing mito- AES is atypical in that caspase activation is not involved.
chondrial Bit1 expression in tumor cells increases cell Other examples of caspase-independent apoptotic
death in suspended cultures. The large Groucho/TLE pathways exist (Leist and Jaattela, 2001; Lockshin and
protein TLE1 also counteracts the effects of the Bit1- Zakeri, 2002).
AES complex. These results elucidate an integrin-regu- Bit1 binds to and acts in concert with AES. Pull-down
lated apoptosis pathway that appears to play a role in and yeast two-hybrid experiments demonstrated a
anoikis. They also define a previously unrecognized role physical interaction between Bit1 and AES. Whether this
for the Groucho/TLE proteins in cell death. interaction is direct or mediated by other proteins re-
Rosas-Sandoval et al. (2002) recently noted that the mains to be determined. A functional interaction be-
eukaryotic Bit1 proteins contain a hydrophobic N-ter- tween the two proteins is suggested by the lack of apo-
minal sequence that is missing in the bacterial homo- ptotic activity by Bit1 in AES-deficient cells and by AES
logs. On this basis, they suggested that the hydrophobic in Bit1-deficient cells. In each case, transfection of the
N terminus might be a mitochondrial localization signal. missing protein restored the apoptotic activity, showing
They also showed that the archaebacterial Bit1 homolog that the underlying cause of the lack of apoptosis was
is a peptidyl-tRNA hydrolase. Our results provide direct the deficiency of the partner protein and not some unre-
evidence that Bit1 is localized in mitochondria; both lated factor. This result also agrees with a role for the
endogenous Bit1 detected with antibodies and trans- endogenous proteins in apoptosis. A gene knockout
fected Bit1 labeled at the C terminus with GFP or myc- mouse has been generated for the AES (Grg5) protein.
tag completely colocalized with a mitochondrial marker The homozygous mutant mice are viable but exhibit
in cultured cells. Interestingly, transferring the tag to growth defects and a runting syndrome that leads to
the N terminus of the Bit1 protein caused a shift of substantial mortality during the first few weeks after
transfected Bit1 to the cytoplasm. It seems that the birth (Mallo et al., 1995; Wang et al., 2002). Now that the
role of AES in apoptosis has been established, thesepresence of the myc-tag or GFP at the N terminus of
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mice can be analyzed for various apoptosis-related pro- indicate that the pathway is not shared by all integrins.
cesses. The collagen binding integrins 11 and 21 did not
The apoptosis induced by transfecting Bit1 or AES protect cells against transfected Bit1 or AES. This result
was inhibited if the transfected cells were allowed to suggests that the common integrin signaling pathways
attach to fibronectin through the 51 integrin. The are not important for Bit1/AES regulation and that the
same cells were not protected on collagen, which is not Shc-Ras-Raf pathway, which is shared by the 51 and
a ligand for 51, indicating that the protective integrin 11 (and v3) integrins (Wary et al., 1996), is also
must not only be present but must be engaged in sub- not involved.
strate attachment to afford the protection. The lack of Our findings suggest the following hypothesis: Bit1
protection on collagen correlated with increased levels is a mitochondrial protein that upon its release from
of Bit1-AES complexes in the cytoplasm in cells plated mitochondria becomes part of the machinery that brings
on collagen. We reasoned that if Bit1 and AES are in- about cell death by apoptosis. In this regard, Bit1 would
volved in anoikis, cells with an active Bit1/AES pathway be similar to cytochrome c, AIF, AMID, and endonucle-
should be more sensitive to complete detachment than ase G (Daugas et al., 2000; Li et al., 2001; Wang, 2001;
cells in which this pathway is disrupted. This is indeed van Loo et al., 2001; Wu et al., 2002). The specific role
what we found: when we restored mitochondrial expres- of Bit1 may be to form complexes with AES that then
sion of Bit1 in the Bit1-deficient 293T cells, there was turn off a survival-promoting gene transcription program
a greatly increased rate of cell death by apoptosis in controlled by TLE1. Alternatively, peptidyl-tRNA hy-
suspension cultures. The apoptosis rates of the Bit1- drolase activity (assuming that mammalian Bit1 pos-
positive and Bit1-deficient HEK 293T cells were similar sesses that activity) or a function of Bit1 and/or AES may
in attached cultures, indicating that Bit1 selectively af- be involved (Jeffery, 2003). Elevated TLE1 expression is
fected anoikis resistance in these cells. The association an unfavorable prognostic sign in lymphoma (Shipp et
of the Bit1/AES system with anoikis was also supported al., 2002); TLE1 may protect lymphoma cells against
by our finding that knocking down Bit1 expression apoptosis caused by loss of cell attachment. The trigger
greatly enhanced survival of anoikis-sensitive cells in for the release of Bit1 (and other mitochondrial proteins)
suspension. The protection was not complete, presum- upon loss of cell attachment may be the activation of
ably reflecting the known role of additional factors, such the death receptor Fas (Frisch, 1999; Rytomaa et al.,
as proapoptotic members of the Bcl-2 family and the 1999; Aoudjit and Vuori, 2001; Rosen et al., 2002). Fas
PI3K-Akt pathway in anoikis (Frisch et al., 1996b; Khwaja activates caspase-8, which destabilizes the mitochon-
et al., 1997; Matter and Ruoslahti, 2001; Reginato et drial membrane by cleaving Bid, allowing mitochondrial
al., 2003). proteins such as Bit1 to escape. Bit1 is distinct among
Ectopic expression of Bcl-2 or Bcl-xL had no effect on the proapoptotic mitochondrial proteins in that allowing
apoptosis induced by cytoplasmically expressed Bit1. cells to attach has so far been the only upstream treat-
However, these proteins partially prevented AES-induced ment that can suppress Bit1, once it has been released
apoptosis, possibly by stabilizing mitochondria and from mitochondria. Thus, Bit1 may be a guardian of
thereby suppressing the release of endogenous, mito- anchorage dependence.
chondrial Bit1. We also tested the ability of signaling
proteins and oncoproteins in some of the major known Experimental Procedures
integrin and growth factor pathways to protect against
Bit1/AES-induced apoptosis. PI3-K and its downstream Cell Culture and Transfections
Integrin transfected CHO-B2/5c1, CHO-B2/51, and CHO-B2/effector Akt have profound antiapoptotic effects (del
v1 cells (Bauer et al., 1992; Schreiner et al., 1989; Zhang et al.,Peso et al., 1997; Dudek et al., 1997; Kennedy et al.,
1995) were maintained in tissue culture dishes in -modified Eagle’s1997; Khwaja et al., 1997; Marte and Downward, 1997),
medium supplemented with 10% fetal bovine serum, glutamine,including upregulation of Bcl-2 (Matter and Ruoslahti,
penicillin, streptomycin, and 250 g/ml G418. HEK 293T and HeLa
2001). We found constitutively activated PI3-K and Akt cells were cultured in Dulbecco’s modified Eagle’s medium with
as well as H-Ras (data not shown) to be ineffective in glutamine containing 10% fetal bovine serum, penicillin, and strep-
suppressing apoptosis induced by transfection of cyto- tomycin. HOP92 cells were cultured in RPMI1640 plus 10% fetal
bovine serum, penicillin, and streptomycin; MCF10A cells wereplasmic Bit1. PI3-K and Akt partially prevented AES-
maintained in DME/F12 medium supplemented with 5% horse se-induced apoptosis; upregulation of Bcl-2 expression
rum, glutamine, penicillin, streptomycin, 10 ng/ml EGF, 10 mg/mlmay be, at least in part, responsible for this effect.
insulin, and 0.5 mg/ml hydrocortisone. In some experiments, cellsPI3-K and Akt are components of various important
were plated onto bacterial culture dishes precoated overnight with
growth factor signaling pathways. Moreover, our assays 10 g/ml fibronectin (Chemicon) or type I collagen (Sigma) in serum-
were performed in the presence of serum, which is rich free medium OPTI-MEM (Invitrogen). Suspension cultures were pre-
in growth factors. That growth factors and the pathways pared by plating cells on dishes coated with poly-HEMA (Sigma)
and culturing in serum-containing medium. Transfections were car-they activate did not protect against cytoplasmic Bit1
ried out with FuGene6 (Roche) or lipofectAMINE (Invitrogen) ac-suggests that the Bit1/AES pathway, unlike other mito-
cording to the manufacturer’s protocol. Cells were plated 4 or 18 hrchondrial pathways contributing to anoikis, is solely reg-
before transfection. For luciferase assay, cell lysates were harvestedulated by integrins, 51 in particular. It may be the first
24–48 hr after transfection, and luciferase activity was determined
integrin signaling pathway that is not shared by other according to the manufacturer’s protocol (Promega).
extracellular factors. However, additional pathways will
have to be tested for their influence on the Bit1/AES Plasmids
system to establish the possible uniqueness of integrin Full-length cDNAs for Bit1 and AES were obtained by PCR from
regulation. The molecular details of the pathway from EST clones using Pfu enzyme (Stratagene) and cloned into pCMV-
Myc (Clontech), pEGFPC1 (Clontech), pEGFPN3 (Clontech),integrins to Bit1 remain to be worked out, but our results
Cell
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p3xFLAG-CMV14 (Sigma), or pcDNA3.1-myc-His A vector (In- Immunoprecipitation and Immunoblotting
Cultured cells were harvested 24–48 hr after transfection with vari-vitrogen). GFP-AES and GFP-TLE1 were subcloned from pCMV-
Myc-AES or pCMV-Myc-TLE1 into pEGFPC1 vector (Clontech) or ous constructs by adding ice-cold NP-40 lysis buffer (1% NP-40;
20 mM Tris-HCl [pH7.4]; 150 mM NaCl; 10% glycerol, 2 mM sodiuminto p3x-Flag-CMV7 vectors (Sigma). Full-length cDNAs of TLE1
and TLE2 were kindly provided by Dr. Stefano Stifani and were vanadate; 1 mM phenylmethylsulfonyl fluoride; 10 g/ml leupeptin;
and 5g/ml aprotinin). Lysis was performed at 4	C for 15 min. Immu-subcloned into pCMV-Myc expression vectors. cDNAs of the acti-
vated forms of PI3-K and AKT were purchased from Upstate. Ex- noprecipitation and immunoblot analyses were performed ac-
cording to standard procedures. Anti-myc antibody was from Santapression constructs for Bax, Bcl-2, Bcl-xL, CrmA, and XIAP in
pcDNA3 were kindly provided by Dr. Guy Salvesen at this institute. Cruz Biotechnology, anti-flag from Sigma, and anti-PARP from
BD Bioscience.The mitochondrial marker plasmid pDsRed2-Mito was from In-
vitrogen. For coimmunoprecipitation analyses, lysates were incubated for
2 hr with anti-flag antibodies (Sigma), and the antibody complexes
were precipitated with 20 l of Gammabind (Amersham-Pharmacia)Expression Cloning
for an additional hour. The beads were washed and bound proteinsCHO-B2/5c1 cells (Matter and Ruoslahti, 2001) were plated on
were solubilized in SDS-PAGE sample buffer, separated by electro-fibronectin in serum-free medium. Cells were cotransfected with
phoresis, and immunoblotted with anti-myc antibodies (Santa Cruz).Bcl-2-promoter-EGFP, a human fetal brain cDNA library in pcDNA1,
Endogenous Bit1 was detected with rabbit antibodies prepared byand pPSVE1-PYE harboring the polyoma large T cDNA using lipofec-
immunizing a rabbit with a Bit1-GST fusion protein. The serum wastAMINE (Nakayama et al., 1995). After 48 hr, the transfected cells
absorbed with GST-agarose and anti-Bit1 antibodies were affinitywere dissociated into a single cell suspension using the enzyme-
purified by binding to Bit1-GST-agarose and elution with 8 M ureafree cell dissociation solution (Hank’s based; Cell and Molecular
followed by dialysis into PBS. A similar process was used to prepareTechnology), followed by sterile cell sorting of EGFP-positive cells.
antibodies against human AES.Plasmids were isolated from the sorted cells by the Hirt procedure
(Hirt, 1967) and amplified in the host bacteria E. coli MC1061/P3 in
Confocal Microscopythe presence of ampicillin and tetracycline. These amplified plasmid
Subcellular localization of proteins was studied by confocal micros-preparations were divided into 20 plates. Plasmids prepared from
copy. Cultured cells were transfected with tagged Bit1 or AES to-each plate were transfected separately into the CHO-B2/5c1
gether with a vector expressing a mitochondrial marker proteincells. The transfectants were screened by FACS analysis to identify
(pDsRed2-Mito, Clontech). Alternatively, endogenous Bit1 was de-a plasmid pool that promoted the expression of the Bcl-2-promoter-
tected by immunostaining. Cells were fixed in 4% paraformalde-EGFP construct. Five rounds of sibling selection were performed
hyde, permeabilized in 0.5% Triton X-100, followed by blockingusing this procedure.
with 20% fetal bovine serum. The cells were then stained with anti-
Bit1 (rabbit), anti-Flag (mouse, Sigma), and secondary antibodies
Subcellular Fractionation (Alexa 488, Molecular Probes). The specimens were mounted with
HEK 293T cells were transfected with 8 g of expression plasmid DAPI-containing media (Vectashield) and analyzed on a confocal
for C-terminal myc-tagged Bit1 or vector DNA, and 24 hr later the microscope (BioRad 1024 equipped with Lasersharp software OS2).
cells were left attached or plated on poly-HEMA-coated plates and Digitized images were further processed with image processing
maintained in suspension for 12 hr. The cells were then washed software (Adobe Photoshop 7.0).
once with PBS and 107 cells were resuspended in 1 ml of isotonic
mitochondrial buffer (250 mM mannitol, 70 mM sucrose, 1 mM EDTA, Knockdown of Endogenous Bit1 by siRNA
10 mM HEPES [pH 7.5]), homogenized with 40 strokes in a Dounce siRNA-mediated knockdown of endogenous Bit1 was performed
homogenizer. The lysates were centrifuged at 500 
 g for 5 min to essentially as described (Brummelkamp et al., 2002). A 64 base pair
eliminate nuclei and unbroken cells, and the supernatant was further double-stranded oligonucleotide was synthesized that included a
centrifuged at 10,000 
 g for 30 min at 4	C. The mitochondria- Bit1 target sequence (CTTGGTTATGGAATATTTG), antisense se-
enriched pellet was resuspended in 50 l of isotonic mitochondrial quence, and a loop, and the construct was cloned into pSUPER
buffer. The cytosolic supernatant and the mitochondrial fraction vector. The target sequence in the inverted orientation (GTTTA
were fractionated on SDS-PAGE for subsequent immunoblot TAAGGTATTGGTTC) was used as a nonspecific siRNA control. The
analysis. pSUPER siRNA plasmids and pMACS Kk II marker plasmid were
transfected into MCF10A cells using FuGene6 (Roche). Transfected
cells were isolated 48 hr after transfection by using magneticallyYeast Two-Hybrid Screening
labeled anti-H-2Kk antibodies according to the manufacturer’s pro-Full-length Bit1 cDNA was cloned in-frame with Gal4 DNA binding
tocol (Miltenyi Biotec). The isolated cells were cultured on tissuedomain in pGBKT7 vector and used to screen a yeast two-hybrid
culture plates for 24 hr, analyzed for Bit1 expression by immunoblot-library derived from human fetal brain library in pACT2 plasmids
ting the cell extracts and for anoikis sensitivity by culturing in sus-(Clonetech). Plasmids were cotransformed into yeast strain AH109
pension.and growth selected in -ADE/-His/-Leu/-Trp plates (Q.BIOgene) and
tested for -galactosidase (Clontech) activity.
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